Rationale The perception that smoking relieves negative affect contributes to smoking persistence. Endogenous opioid neurotransmission, and the μ-opioid receptor (MOR) in particular, plays a role in affective regulation and is modulated by nicotine. Objectives We examined the relationship of MOR binding availability in the amygdala to the motivation to smoke for negative affect relief and to the acute effects of smoking on affective responses. Methods Twenty-two smokers were scanned on two separate occasions after overnight abstinence using [
Introduction
Tobacco smoking is the leading preventable cause of death worldwide (WHO 2009) . Despite this, 20% of adults in the United States continue to smoke (CDC 2009 ). The perception that smoking relieves negative mood or affect has long been considered a key motive for continued smoking (Kassel et al. 2007; Shiffman 1993) . Indeed, negative mood symptoms following a quit attempt predict smoking relapse (Lerman et al. 2002; Strasser et al. 2005b ). However, selfreport measures of mood and smoking motives have their limitations, and are not always in agreement with real-time monitoring in smokers (Shiffman et al. 1997; Shiffman and Prange 1988) . Assessment of the neurobiological mechanisms that underlie smoking motives related to negative affect regulation could provide insights for treating nicotine dependence (Lerman and Audrain-McGovern 2010) .
The endogenous opioid system, and the μ-opioid receptor (MOR) in particular, plays a role in both affective regulation and nicotine dependence (Mague and Blendy 2010; Ribeiro et al. 2005; Walters et al. 2005) . There is a high density of MORs in the amygdala and throughout the limbic system (Pfeiffer et al. 1982) , and MOR neurotransmission may mediate affective regulation (Ribeiro et al. 2005) . Human positron emission tomography (PET) imaging studies have demonstrated positive associations of MOR availability (decreased endogenous opioid neurotransmission) in the amygdala and limbic system with increases in negative affect ratings following negative mood induction (Zubieta et al. 2003) , whereas decreases in negative affective ratings after a pain challenge were associated with lower MOR binding availability (Zubieta et al. 2001) .
Of relevance to nicotine dependence, preclinical studies have shown that acute nicotine administration modulates release of endogenous opioids (Boyadjieva and Sarkar 1997; Houdi et al. 1991; Marty et al. 1985) and chronic nicotine exposure upregulates MORs (Wewers et al. 1999) . In mice, MOR activation is required for nicotine reward (Berrendero et al. 2002; Walters et al. 2005) as well as the anxiolytic effects of nicotine (Balerio et al. 2005) . Furthermore, smokers exhibit increased MOR availability in amygdala relative to non-smoking controls (Ray et al. 2011) , and a variant in the gene encoding the MOR in humans (OPRM1 A118G) is associated with the relative reinforcing value of nicotine (Perkins et al. 2008; Ray et al. 2006 ) as well as with smoking cessation outcomes (Lerman et al. 2004; Munafo et al. 2007; Ray et al. 2007 ). The MOR antagonist naltrexone mitigates increases in craving and negative affect in abstinent smokers viewing smoking cues (Hutchison et al. 1999) , and there is evidence that naltrexone may be an effective smoking cessation treatment among certain subpopulations of smokers (Epperson et al. 2010; O'Malley et al. 2006; Walsh et al. 2008) . These data highlight the dual role of the opioid system in affect regulation and nicotine dependence, and suggest a potential neurobiological mechanism that may underlie the motivation to smoke for negative affect relief.
In this secondary analysis of data from a previous [ 11 C] carfentanil PET imaging study (Ray et al. 2011) , we examined the relationship of MOR availability to self-reported smoking for negative affect relief. Twenty-two smokers were scanned on two separate occasions (after smoking a nicotine containing cigarette and after smoking a matching denicotinized cigarette). We focused on the amygdala as our primary region of interest and included other limbic system structures (i.e., the thalamus, anterior cingulate cortex, caudate nucleus, insula, and ventral striatum) in a secondary exploratory analysis. Based on prior data described above, we hypothesized that increased MOR binding availability would be associated with increases in self-reported motivation to smoke for negative affect relief. In a secondary analysis, we tested the hypothesis that acute negative affect relief from smoking would be associated with decreased MOR availability (increased endogenous opioid neurotransmission).
Methods and materials

Participants
Participant selection and study design were described previously (Ray et al. 2011) . Briefly, smokers were required to report consumption of ≥10 non-menthol cigarettes per day for at least the past 6 months and provide a baseline breath carbon monoxide (CO) reading >10 ppm. The study was approved by the University of Pennsylvania Institutional Review Board, the Food and Drug Administration, and the Environmental Health and Radiation Safety Committee; all participants provided written informed consent. Individuals with a history of or current neurological or DSM-IV Axis I psychiatric or substance disorders (except nicotine dependence), and those taking psychotropic medications were excluded. Of 26 eligible smokers, one smoker was deemed ineligible at PET scan 1 due to noncompliance with the overnight abstinence requirement, one withdrew before the first scan, and two were excluded from the final dataset because a different scanner was used for their sessions, leaving 22 participants with complete data.
Procedures
Following eligibility screening, participants completed measures of smoking history and demographics. The modified version of the Horn-Waingrow Reasons for Smoking (RFS) Scale (Horn and Waingrow 1966) was used to assess smoking motives. Based on our prior work on smoking motives (Lerman et al. 1996; Lerman et al. 1998) , we analyzed the three items comprising the RFS subscale "smoking for negative affect reduction" (e.g., "When I feel uncomfortable or upset about something, I light up a cigarette"). This subscale has been shown to correlate with self-monitored smoking behavior (Shiffman and Prange 1988; Tate and Stanton 1990) and has a stable factor structure and satisfactory test-retest reliability (Costa et al. 1980) . RFS items were rated on a Likert scale (00"not at all characteristic of me" to 30"very much characteristic of me"); answers to the three items were summed to provide a Negative Affect Reduction summary score (NAR score).
Participants also completed the Fagerstrom Test for Nicotine Dependence (FTND; Heatherton et al. 1991 ) and the Diener and Emmons Mood Form (Diener and Emmons 1984) . This form consists of nine items assessing how strongly subjects are experiencing positive and negative moods; items are rated on a scale of 0 (not at all) to 6 (very much). OPRM1 A118G (rs1799971) genotype was determined using Taqman SNP genotyping assays (Applied Biosystems) as previously described (Ray et al. 2011) .
On each of two separate visits, 60-min [ 11 C]carfentanil PET scans were performed after 14 h of overnight abstinence from smoking (verified by expired CO <10 ppm), as previously described (Ray et al. 2011) . Participants completed a urine drug screen at each session to verify abstinence from psychotropic medications. To standardize nicotine exposure, and to avoid nicotine withdrawal, all participants smoked a Quest® research cigarette (Vector Tobacco) 15 min prior to the PET scan, using a standardized puffing procedure (Strasser et al. 2005a ). As reported previously (Ray et al. 2011) , the scan order was fixed: the nicotine cigarette (0.6 mg nicotine) was smoked before scan 1 and the placebo cigarette (denicotinized; 0.05 mg nicotine) was smoked before scan 2. Participants and data analysts were blind to the cigarette type. Participants also completed the Diener and Emmons Mood Form before and after smoking the cigarette. Female participants were scanned during their early follicular phase (2-9 days after menses) to minimize the effects of rising levels of estrogen on the endogenous opioid system (Mills et al. 2004) . The time interval between the two scans was 1-4 weeks (as female participants were scanned during their early follicular phase).
Image acquisition, reconstruction, and preprocessing Scans were acquired on a GSO-based Phillips GPET Plus brain PET scanner, a custom-built model which operates without septa to increase the sensitivity of the instrument (Karp et al. 2003) . Six sequential 10-min-long scans were acquired starting immediately after slow bolus injection (over 10 min) of 3-15 mCi [
11 C]carfentanil, so as not to exceed 0.03 μg/kg. The dose of [ 11 C]carfentanil administered was based on published PET studies (Greenwald et al. 2007; Smith et al. 2006; Zubieta et al. 2005) . The resulting six images consisted of 128 slices of 2-mm slice thickness (2×2 mm 2 pixels) and an image matrix size of 128×128 pixels. The raw PET data were converted to Neuroimaging Informatics Technology Initiative format and preprocessed using SPM8 (Wellcome Trust Center for Neuroimaging, London, United Kingdom) Briefly, the data were first oriented to the AC-PC line and normalized to the MNI T1-weighted template using a 12-parameter affine registration algorithm in SPM8. Nonbrain areas were removed using a brain mask (Ray et al. 2011) Regions of interest Left and right hemisphere masks were defined as shown in Fig. 1 for the amygdala and the exploratory regions of interest (ROIs) (thalamus, anterior cingulate cortex, caudate nucleus, insula and ventral striatum) using the HarvardOxford probabilistic map distributed with FSL software (Smith et al. 2004 ). All ROIs except the ventral striatum were defined using a maximal probability threshold of 25%. The ventral striatum/nucleus accumbens ROI was defined using the accumbens label at 0% threshold. Any overlap with the caudate nucleus ROI was removed from the ventral striatum mask. Similarly, ventral striatum was subtracted from the caudate nucleus to create non-overlapping regions of interest.
Quantification of MOR binding (BP ND )
MOR availability was calculated with the multilinear reference tissue method MRTM2 (Ichise et al. 2003 ) with a fixed value for the tissue to plasma efflux rate constant (k 2 ′) in the reference region (occipital cortex). The distribution volume ratio (DVR) is calculated from the ratio of the regression coefficients (Ichise et al. 2003) and the binding potential is given by BP ND 0DVR−1. A k 2 ′ value of 0.1237 min −1 was assigned on the basis of a previous [ 11 C]carfentanil study (Hirvonen et al. 2009 ). The MRTM2 BP ND values for each ROI were exported for further statistical analysis using Stata software.
Statistical methods
Descriptive statistics were obtained for all variables. Multiple linear mixed-models (random effects regression) of MOR BP ND were estimated incorporating the NAR score as the predictor and including the following covariates: session, OPRM1 genotype (A/A01, */G 00), sex, FTND score, and hemisphere (L01, R02). These covariates were chosen to control for potential confounding factors in this analysis: OPRM1 genotype was previously reported to be significantly associated with MOR BP in this sample (Ray et al. 2011) , and other studies have demonstrated associations between MORs and sex (Zubieta et al. 1999 ) as well as nicotine dependence (Zhang et al. 2006) . Next, multiple linear mixed-models (random effects regression) of MOR BP ND were estimated using positive or negative affect difference scores (post-minus pre-cigarette) as the predictor, controlling for the same covariates. The alpha value was set at 0.05 for the bilateral amygdala based on our a priori hypothesis; other ROIs were deemed exploratory and therefore no correction for multiple hypothesis testing was applied.
Results
Descriptive data
Of the 22 smokers, six (27%) were female, and all were of European ancestry. Participants reported a mean age of 31.3 years (SD010.7), mean smoking rate of 17.6 cigarettes per day (SD06.3), and mean FTND score of 4.68 (SD02.01). The genotype distribution for OPRM1 A118G (rs1799971) was 12 A/A, nine A/G, and one G/G; for purposes of analysis, A/G and G/G groups were combined and denoted as */G. The mean NAR score was 4.23 (SD02.18); Chronbach's alpha estimate for this three-item scale was 0.78.
MOR availability in amygdala and motivation to smoke for negative affect relief
Stronger baseline motivations to smoke for negative affect relief were associated with higher levels of MOR availability in amygdala (β00.06, 95% confidence interval00.02-0.10, p00.007; Fig. 2 ). As previously reported (Ray et al. 2011) , there were no effects of session on MOR BP in the amygdala (p00.73). The marginal mean MOR BP ND values in the amygdala (adjusted for OPRM1 genotype, sex, and FTND score) were 1.18 in the nicotine session and 1.17 in the denicotinized session.
In the exploratory analysis, motivation to smoke for negative affect relief was associated with MOR BP ND in the anterior cingulate cortex (p00.03), but not in the thalamus (p00.05), caudate nucleus (p00.27), insula (p00.59), or ventral striatum (p00.17).
MOR availability in amygdala and smoking-induced mood change
Smoking the research cigarettes did not produce significant changes in negative or positive mood (as measured using the Diener and Emmons Mood Form) in either session, and across sessions there was no association of positive or negative mood change with MOR availability. Decreased positive mood (post-cigarette minus pre-cigarette) after smoking a nicotine cigarette was associated with increased MOR BP ND in the amygdala, but this effect was not significant (β0−0.14, 95% confidence interval0−0.29-0.01, p0 0.08); there was no significant association in the denicotinized cigarette session (p00.14). Change in negative affect in either session was not significantly associated with MOR BP ND in the amygdala (p>0.10).
Discussion
We report a strong association between MOR availability in the amygdala and motivation to smoke to relieve negative affect. However, contrary to our expectation, there were no significant changes in affect related to smoking the cigarettes prior to the scans, nor was the degree of change in negative affect after smoking related to MOR availability. Thus, we find that a general, pre-existing motivation for smoking relates to MOR binding availability, but that the experience of smoking, at least in this setting, does not.
Our finding of a positive correlation between MOR availability in the amygdala and motivation to smoke for negative affect relief is consistent with prior literature documenting the role of the MOR in both affect regulation and motivational behavior. The association of MOR availability in the amygdala with affective motives to smoke is Binding potentials for amygdala (adjusted for session, OPRM1 genotype, sex, FTND, and hemisphere) are plotted for each participant for both sessions. In the multiple regression models, NAR scores were significantly associated with MOR BP ND in the amygdala (β00.06, p0 0.007). MOR BP ND μ-opioid receptor binding potential, NAR Negative Affect Reduction score consistent with functional neuroimaging evidence for a role of the amygdala in processing and regulating affective responses (Davidson and Irwin 1999; Diekhof et al. 2011; Kim et al. 2011 ). The amygdala is highly connected to cortical structures throughout the brain and is important in the integration and regulation of emotional responses (Pessoa 2010) . Opioid neurotransmission in the amygdala has been implicated in assigning motivational salience to reward cues in rats (Mahler and Berridge 2009) , and in humans changes in MOR availability are associated with emotional responses to stimuli (Ribeiro et al. 2005; Zubieta et al. 2003) . Other than our previous report on this sample (Ray et al. 2011) , only one other study has used PET imaging to examine acute effects of smoking on MOR availability (Scott et al. 2007 ). Scott and colleagues found a significant increase in MOR availability from the denicotinized to the nicotine condition, and the increase in MOR availability in the amygdala was related to decreased craving scores, but not to mood measures. Although we did administer a two-item craving questionnaire to participants before and after smoking the cigarettes, changes in craving were not related to MOR availability in our sample (data not shown). However, the differing results between these two studies may likely be attributed to differences in study design, including study population (six male smokers in the prior study versus 22 smokers of both genders in the current study), number of cigarettes smoked in each condition (two cigarettes 10 min apart versus a single pre-scan cigarette), and nicotine yield of the nicotine cigarette (1.01 mg versus 0.6 mg). There are several potential interpretations of finding an association of MOR availability in the amygdala with smoking motivation but not with actual mood change after smoking a cigarette, suggesting future avenues of investigation. It is possible that those individuals with greater MOR availability may have experienced greater negative affect relief early in their smoking experience, and that the belief that cigarette smoking reduced negative affect persisted despite the development of tolerance to pharmacological effects of nicotine. In support of this, adolescents with higher expectancies for negative affect relief from smoking do report greater reductions of negative affect after smoking (Colvin and Mermelstein 2010) , whereas expectancies for negative affect relief are not related to actual changes in negative affect in adult smokers (Perkins et al. 2011) . Another potential explanation may relate to our use of research cigarettes yielding 0.6 mg of nicotine for the "nicotine cigarette" session, which was lower than the mean yield of our participants' preferred brands (mean01.1 mg, SD00.5 mg). Prior studies have shown that low-nicotine cigarettes are rated as lower quality and less satisfying than participants' preferred brands (Benowitz et al. 2006; Strasser et al. 2007) . It is possible that the research cigarettes were less rewarding than the participants' usual brand, and thus did not affect mood in the same fashion. In addition, even the denicotinized cigarette contains minute amounts of nicotine; Brody et al. (2009) found that smoking a denicotinized cigarette results in reduced, but still significant, activation of α4β2 nicotinic receptors, which may explain why the smoking manipulation in the current study had no effect. Alternatively, there is evidence to suggest that effects of smoking on mood may derive more from the sensory effects or ritual of smoking than from nicotine (Juliano et al. 2011; Perkins et al. 2008; Rose 2006) . Our paced puffing procedure, although necessary to standardize nicotine exposure, did not allow participants to smoke at their own pace or to smoke to satiety, and thus may have affected mood differently than self-regulated smoking. Future investigations into smoking-related mood effects may benefit from assessments of mood change in a naturalistic environment using the participants' preferred cigarettes.
Another possibility to consider is that it is μ-opioid system regulation of reward, rather than mood change, which drives the motivation to smoke to relieve negative affect. There is a growing body of literature suggesting that although smokers expect improvements in mood after smoking a cigarette, smoking does not reliably relieve negative affect due to anything other than nicotine withdrawal (Conklin and Perkins 2005; Perkins et al. 2010) . Indeed, the absence of significant mood change in our study is consistent with this literature. However, a common polymorphism in the gene encoding the MOR (OPRM1 A118G) is associated with the relative reinforcing value of nicotine (Perkins et al. 2008; Ray et al. 2006) . Interestingly, the A allele, which we previously demonstrated was associated with greater MOR availability in this sample (Ray et al. 2011) , has also been associated with increased cigarette reward during negative versus positive mood (Perkins et al. 2008) as well as with increased reinforcement learning compared to G allele carriers (Lee et al. 2011) . It is possible that even though smoking is not effective in actually relieving negative mood, smokers with greater MOR availability find cigarettes more rewarding under these circumstances and are more likely to develop a conditioned association between smoking and negative mood.
There are a few limitations which should be considered within our study. The NAR scale is a self-report measure and relies on accurate self-assessment of motivation rather than objective observation; however, this measure has been shown to correlate significantly with self-monitored smoking data (Shiffman and Prange 1988; Tate and Stanton 1990) . Mean NAR scores in this study were lower than scores for non-depressed smokers in previous studies (Lerman et al. 1996; Lerman et al. 1998 ). This may be related to oversampling for OPRM1 */G genotype, which has been associated with reduced subjective nicotine reward (Ray et al. 2011 ) and reduced reinforcement learning (Lee et al. 2011) . Also due to oversampling of OPRM1 */G, the distribution of OPRM1 genotypes in our sample is not representative of the normal smoking population. Smokers of menthol cigarettes were excluded from the study; therefore caution should be used when extrapolating to general smoking populations. We did not use a smoking topography device to measure puff volume or assess plasma nicotine levels at either session. Our use of a standardized puffing procedure mitigates differences in puff volume between smokers (Strasser et al. 2005a) , and significant differences in plasma nicotine levels are obtained when smoking Quest® denicotinized cigarettes compared to the 0.6 mg cigarettes (Brody et al. 2009 ). Other studies have shown variation in MOR availability and in μ-opioid system response to stimuli between males and females (Zubieta et al. 1999; Zubieta et al. 2002) . The number of female smokers included in the current study was too small to test for sex heterogeneity; however, sex was included as a covariate in all models and did not predict MOR availability. Finally, as with any PET imaging study, the reported binding potentials do not distinguish between number of available receptors, receptor affinity or endogenous opioid tone.
In conclusion, we have demonstrated a significant association of MOR availability in the amygdala with motivation to smoke to relieve negative affect; furthermore, this motivation was inconsistent with the actual experience of smoking. These data offer a potential biological mechanism underlying this particular smoking motive, and add to a growing body of literature highlighting inconsistencies between smokers' expectations and real-time effects of smoking. Further research into the biological mechanisms influencing affective response to smoking and motivation to smoke may be useful in effecting improvements in smoking cessation treatment.
